Several measurements or electron capture by relativistic low-Z (C, Ne, and Ar ions) 2 and by Au and U ions 3 , .. have been reported r-ecently. The low-Z measurements relied heavily on theor-etical calculations of stripping and excitation cr-oss sections to obtain electron capture cr-oss sections from equilibrium charge states, 1 hence are only indirect deter-minations. In the measurements with U ions, thick targets wer-e used and the capture cr-oss sections were obtained from a least-squares fit of -2 -the charge-state dependence on tar-get-thickness. 5 In the pr-esent wor-k, we have obtained an accurate deter-mination of electron capture and stdpplng cr-oss ·sections by measur-ing the yields for the pickup and stripping of one or-two electrons from zero-, one-, or two-electron ions in thin tar-gets.
A precise knowledge of electr-on capture and stripping cr-oss sections at r-elativistic velocities has sever-al important applications. Gould et al. pr-edict cr-oss sections for-low-Z pr-ojectiles that are mor-e than a factor-of three too high compared with exper-iment. 1 This is typical of r-esults seen also at nonr-elati vis tic velocities wher-e the application of second-Bor-n theor-ies impr-ove the agreement · between theory and exper-iment.
• For-low-Z r-elativistic heavy ions, even second-..
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Born calculations' are generally higher than experiment.' o, 11 In the present work, the measured cross sections are compared with eikonal approximation calculations.
• 1 2
The eikonal approximation is a high-energy approximation, which was found to give good agreement with experiment for low-z ions if the ion velocity (in atomic un1 ts) exceeds approximately 2Zr, where ZT is the target atomic number (in this case, the higher of the projectile or target atomic numbers).
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For low-Z ions, capture of target K electrons into the projectile K shell is the dominant contribution to the total capture cross sections. We find that for high-Z ions and targets, the cross sections for the capture of target L anQ. M electrons into the projectile K, L, and M shells are all of comparable magnitudes to the K to K cross sections at lower velocities.
The present eikonal calculations include . the target K, L, and M shells and all projectile shells. up to n•1 o. 
A. Experimental apparatus
Xe beams from the Lawrence Berkeley Laboratory's BEVALAC were used. The experimental arrangement is shown· in Fig. 1 Al, Cu, Ag, and Au. foils was available which could be remotely inserted into the beam. The target frames were 1.6-mm-thick Al disks with 1.9-to 3.8-cm diameter center holes. The thinnest Cu, Ag, and Au targets (!i0.1 mg/cm 2 ) were ·mounted on 0.05-mg/cm 2 C backings; thicker foils were self supporting.
After passing the primacy beam through the foils, the charge states were separated by a magnetic spectrometer, originally designed to study projectile nuclear fragmentation by Greiner et al. 13 and first used for electron capture
• ..
-5 -measul"ements by CI"awford. 2 Appl"oximately 7 meter's downstl"eam fl"om the tal"get box, the chal"ge states wel"e focussed by a set of quadrupole magnets (B40Q2A and B40Q2B in Fig.1 ), and were dispersed by two dipole magnets (840M2 and M3) into a large vacuum chamber. The eJC!t window on the vacuum chamber caused only negligible scattering of the charge-state beams, which then entered a position sensitive proportional counter. This -50-cm long detector could be I"Olled along the exit window of the chamber.
At any given detector location, up to ten charge states could be detected mor"e char"ge states wer"e seen.
B. Data Analysis
In essence two methods, called he~e "thin t~get'"" and "thick t~get", 15 exist for" ext~acting cha~ge-changing cr"oss sections fr"om a measurement of cha~ge state yields as a function of tar"get thickness. In the thin-tar"get method, tar"gets ~e chosen that ~e thin enough so that the yield for" oneelectr"on attachment Or" loss is pr"opor"tional to the t~get thickness. The charge-changing cross sections can then be obtained ver"y simply from the pr"opor"tionali ty factor'S. In the thick-tar"get method, the tar"get-thickness is varied up to the equilibrlum thickness. Char"ge-changing cr"oss sections ~e obtained by a least-squar"es fit of the data to the integrated r"ate equations for char"ge state yields.
The advantage of the thin-tar"get method, used her"e, is its simplicity and lack of ambiguity in extr"acting cha~ge-changi.ng cr-oss sections. The disadvantage is that low counting r"ates ar"e obtained for" the char"ge-changing yields. Hence, even small backgrounds fr"om scattenng on slits Or" tar"get fr"ames could pr"event an accurate dete~mination of peak ar"eas ( Fig.2) . Fo~ this r"eason, we also took data with thick tar"gets, which will be pr-esented in a later" paper' in this ser"ies.
Integration of the char"ge-changing r"ate equation 15 is very simple if the yield is pr"opor"tional to the tar"get thickness. 
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In these equations, Cln• hn• and gn t"epresent one-, two-, and tht"ee-electron attachment cross sections, t"espectively, for an n-electron ion; sn and dn t"ept"esent one-and two-electron stripping cross sections, t"espectively, for an n,;.,electt"on ion. The symbol O(T 2 ) t"ept"esents terms of order' T 2 and higher' power-s of T which differ fot" the different charge fractions. We did not find Only in a few cases wet"e the targets thin enough to give ratios Yn/T that were independent of T. Figure 3 illustrates this for Xe 5 ,.+Be charge-changed yields. The Yn/T data points wet"e least-squares fitted to stt"aight lines to obtain the r-o intercept. Integrating the ~ate equations to o~de~ T 2 , one finds fo~ this case (assuming.hn
Setting s .. x 4 matrices, which at"e built up ft"om blocks of simple 2 x 2 matctces that can be handled easily. Het"e, S is a t"elativistic spinor-tt"ansfbnn and Pg and ·f11 (in the pt"ior" fot"m) char-actet"ize final and initial states, t"espectively. It is obvious ft"om Eq. (4) that the density matr'ix fonnulation, 12 in contt"ast to the spinor fot"mulation,7 allows one to factor' target and pr'ojectile pr"opet"ties into individually calculable matrices.
In Ref. 12, fot"mulas for' Pg and 111 for' arbitr'ary initial and final states have been given and, mot"eovet", explicit expt"essions of SPgS for' final t"elati vis tic 1 si, 2si, 2pi and 2pi states have been det"i ved. Detailed ct"osssection fot"mulas for-these tr'ansi tions have also been wot"ked out and applied to specific ca.ses.11
In the following, an outline is given of how the genet"al ft"amewot"k has been applied to evaluate the contribution of higher-initial and final shells.
Number's of .fonnulas t"efer-to Ref. 12. We fit"st note that owing to the mot"e complicated fot"m for' ~. Eq.(5.9), the explicit str-ucture of the ct"oss-section fot"mula is detemined by the initial state (in the pr'iOt" for-m) alone, whet"eas the final state atfects only the quanti ties to be inserted in SPgS of Eq. (3.15).
Thet"efot"e, since the tr'ansitions of intet"est are those connecting initial K, L, and M states to final K, L, M, and higher' states we may proceed as follows: (i)
Ft"om the ct"oss-section fot"mulas (3.17), (3. With the existence Of two versions of the theory, the problem arises as to which one is appropriate for a given case. In principle, the answer is unique:
The 
Here the prime on Zt (ZP) provides a signature that this quantity is retained in the eikonal phase to describe the distortion in the final (initial) channel.
Prescription (5) does not take into account which electron-nucleus separations are most heavily weighted in the matrix element. This is justified if the initial and final principal quantum numbers, nt and np, are the. same, but if they are not, the two potentials are weighted at different electron-nucleus separations. In fact, since for hydrogenic systems,
irrespective of ~ and m, the parameter by which to measure the strength of a Coulomb potential should be Z/n rather than Z. This leads u.s to the "higherpotential" prescription - 
We suggest that prescription (7) should be better:' for deciding which of the two potentials is the stronger:' one, and accot'dingly has to be tt'eated nonpet'tut'bati v·ely. Obviously, this pt'escr?-ption may lead to diffet'ent choices fat' diffet'ent combinations of initial and final shells. In Sect. rv we compare the pt'edictions of both pt'escrlptions, (5) and (7), with experimental data. 
denote the Fourier transform of some function q,(r), and q,ntmCZ,r) a hydrogenic . wave function associated with the charge Z. Then, the diagonal part of the density matrix in momentum space (which enters in the eikonal cross section) can be shown to be equal to16,22
where Qn • Z/n. Obviously, expression (10) depends on Z and n only through the combination Z/n. Now, with the aid of the Schro:iinger equation, we obtain another density matrix in momentum space,16
.tm which again depends only on the quantity Z/n. ( 11) In the OBK approximation, the capture cross section21 from an averaged initial state nt to an averaged final state np is a simple momentum integral over ~nCZt,Q) Gn(Zp,Q) and hence depends only on Zp/np and Ztlnt.
In the prior fonn of the eikonal approximation, the transition amplitude between the time-dependent ·atomic states 'f'(t) (including translation factors)
can be expanded17 as ( 12) If we include in AE tenns only up to second order in the potentials Zplr-p and Ztlrt, we immediately r-ealize that only terms of the structure (10) and (11) It should tre noted that if this scaling r-ule is adopted, the decision between the pr-ior and the post fonn will be automatically based on criterion (7). In. Sec. IV, we compare the r-esults der-ived fr-om the scaling r-ule with those of exact eikonal calculations and with experimental data.
D. Radiative Electron Capture
The cross section for-the r-adiative capture of an electr-on into the pr-ojectile shell np can be calculated fr-om the cr-oss section for-the photoelectric absor-ption of a photon with ener-gy k -Y-1
(If the subshells have differ-ent binding ener-gies, one must sum over-subshell photoelectric cr-oss sections.) Most calculations of photoelectric cr-oss sections are for-neutr-al atoms. However-, needed in Eq. (13) is the cr-oss section for-the r-emoval of an electr-on fr-om a one-or-two-electr-on atom.
Research on the photoeffect has evolved fr-om calculations using nonrelati vis tic one-electr-on wave functions, to calculations using Dir-ac wave functions, and finally tables of photoelectr-ic cr-oss sections calculated using Hartr-ee-fockSlater-wave functions have been published.24,25 It has been found that for-the r-elevant photon ener-gies, the r-atio of the many-electr-on to Dir-ac photoelectr-ic cr-oss sections is appr-oximately equal to the ratio of the bound-state electron ,.
-17 -density at the ot'igin, calculated using many-electron wave. functions to that calculated using Dirac wave functions. 26 (1 0), and assuming that the final state energy is independent of n and equal to the n • 4 one fat" n > 4. Since Ef(n) is close to c 2 for' n > 4, this appt"oximation should have only a small effect on the capture ct"o5s sections.
For hydrogenic projectile and target wave functions, and for NRC at high veloci. ties, the Ct"OSS sections should vary as ( 16) This situation is nearly t"ealized in Ne + Ag collisions, as shown in Fig.4 . The cross sections fot" fixed nt fall off as np', but the Ct"OSS sections for' fixed np fall off faster' with nt since Z~(n) dect"eases with nt [Eq. (14)]. ·The ct"oss section for' all pt"ojectile states with npt:4 f!"om all K, L, and M target Ot"bitals is neady equal to the total np .. 3 Ct"oss section. Since Slate!" sct"eening !"educes the effective cha!"ge for nt ~ 4 to negligible values, it is unnecessary to include target states with nt ~ 4.
In 197-MeV/ amu Xe + Ag collisions, the t"elative contributions ft"om higher' shells is greater than fot" Ne + Ag collisions. This difference occurs because the momentum tt"ansfer 1 P-1 for target L to pt"ojectile K capture is significantly smaller' than fot" K to K capture. Since the Ct"OSS sections in Eq. (8) . .
-19 -magnitude. Clearly any theory of electron captUC'e that includes only K-K electron transfer will grossly underestimate the total cross sections in this regime.
B. Comparison with Experiment
MeasUr"ements of single electron captUC'e were made using xe52+, Xe53+, and xe54+ ions. The results depend on two summed cross sections, and
np-2 nt•1 ( 17) where oNRC(np,nt) is the NRC cross section from the target shell nt into the projectile shell with np, and aREC(np) is the REC cross section [all target shells are automatically summed over by including the factor of Zt in Eq. (13)].
The measUr"ed attachment cross sections for xe54+, xe53+, and Xe52+ are given by and ( 18) respect! vely.
Attachment cross sections for xe52+ and xe54+ ions are shown in Figs. 5 and 6. For' low Zt, REC dominates and the pr'esent measur-ements are in good agreement •..ti th theory. For high Zt, the total cross sections wer'e calculated using both the higher' char'ge, Eq. (5), and the higher--potential, Eq. (7), -20 -prescriptions for taking either the post or prior form. In general, for high Zt, the higher potential prescription ag!'ees better with the data, but for Zp .. Zt, the higher-charge prescription agrees better. . is the np ,. 4 ionization cross section. This can be a potential ( 19) . .
-21 -pr-oblem for-collisions at low velocities and with low-Z pr-ojectiles wher-e the outer-shell ionization cr-oss sections ar-e enonnous and the decay cr-oss sections ar-e small. We have ver-ified that for-the pr-esent Xe ions, the wor-st-case (nodecay) cor-r-ection to the capture cross sections ar-e much smaller than the exper-imental uncer-tainties.
c. Hul tielectron Capture
For 82-MeV /amu Xe ions, the cross sections for double-and triple-electr-on capture ar-e lar-ge compar-ed to the single-electr-on capture cr-oss sections at high. Zt, as shown for the xe54+ ions in Fig. 10 . The star-ting point in the · analysis of double electr-on capture is the independent· electron appr-oximation. 
Equation (20) can be viewed as taking a weighted aver-age of the pr-obability P 1 over-the r-ange of impact par-ameters contributing to electr-on capture. To obtain a lar-ge double capture cr-oss section, the pr-obability P 1 (or P 0 ) should be lar-ge at the impact par-ameters contributing most to the total cr-oss section.
This r-equir-es a lar-ge capture cross section, and that the pr-obability should fall off r-apidly with b.' The REC cr-oss section is never-ver-y lar-ge and impact parameters as large as the tar-get atomic radius contribute, so double REC is negligible (see Appendix A). F'or-82-MeV/amu Xe + Au collisions, the NRC cr-oss sections ar-e lar-ge (>10' bar-ns), and the r-elatively lar-ge values of the -22 -momentum transfer implies that the probability falls off sufficiently steeply with impact parameter so that large NRC probabilities can be expected. . .
We emphasize that the eikonal appr-oximation handles the electr-on-nucleus inter-action of one (usually the higher-) atomic char-ge to all or-der-s ·of per-tllt"bation theocy and the other-inter-action to first or-der-. The eikonal appr-oximation is less valid, ther-efor-e, for-near-symmetric collisions wher-e both inter-actions should be tr-eated in higher-or-der-. The imposition of this asymmetric theocy on near--symmetric collisions leads to differ-ences bet ween cr-oss sections calculated in the post vet"Sus prior-form. By taking into account the spatial extension of the electr-on shells involved, the pr-esent paperpr-oposes a new critedon, Eq. (7), for-choosing the post or-pM.or-form, and most of the data seems to be in accor-d with the r-esulting choice. However-, in a few cases the data is better-r-epr-esented by the conventional choice, Eq.(5). This may l:'eflect the fact that ct"i ted on (7) , being based on a diagonal matrix element, tends to over'estimate the effect of the shell size.
The eikonal appr-oximation is a high-velocity appr'oximation. For-low-Z~ ions, we noted in Ref. 11 that the calculations give lower' cl:'oss sections than exper-iment when the ion velocity is less than -2Zt. However-, in those cases K-K tl:'ansfer-is dominant (Fig. 4) ..
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